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Glyphosate-based herbicide formulations are broadly used in agriculture, silviculture,
horticulture as well as in private gardens all over the world, thus posing the risk of
potential contamination of nearby aquatic bodies inhabited by amphibians. Concurrently,
climate change can be expected to alter the temperature of amphibian breeding sites.
However, while either glyphosate-based herbicides or temperature have been shown
to separately affect the development of amphibians, very little is known on possible
interactive effects. We studied the impact of herbicide concentrations and temperature
on growth and development of eggs and tadpoles of the Common toad (Bufo bufo
L.). We hypothesized that (i) eggs would be better protected against herbicides than
tadpoles because of their jelly coating, (ii) that higher temperatures would reduce potential
herbicide effects because of an accelerated growth and a lower sensitivity of larger
specimens. We conducted one experiment starting with eggs (Gosner stage, GS 8) and
another experiment starting with tadpoles (GS 21–24) using a full factorial design with 5
concentrations of the herbicide formulation Roundup® LB Plus (0.0mg acid equivalent
L−1, 0.5, 1.0, or 1.5mg a.e. L−1 and a pulse treatment with 3 times (egg experiment)
or 5 times (tadpole experiment) addition of 0.5 a.e.mg L−1 over the course of several
weeks) and two temperature levels (15 and 20◦C). Contrary to our expectation, our
results showed that toad eggs are more sensitive to herbicides than tadpoles leading
to an averaged 31% increase in total length, tail length, and body length compared
to the herbicide-free control. Tadpole morphology, development, or mortality was not
influenced by herbicides. There was no correlation between herbicide concentration and
the effect strength on eggs or tadpoles. Higher temperature accelerated growth of both
eggs and tadpoles. As one of the first we also observed interactive effects between
herbicide concentrations and temperature especially for egg development resulting in
more pronounced herbicide effects at lower temperatures than at higher temperatures.
This is quite remarkable as ecotoxicologial risk assessment studies are usually conducted
at a constant temperature, thereby perhaps not adequately examining non-target effects
at natural conditions.
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INTRODUCTION
Glyphosate-based herbicides are the most often used pesticides
worldwide utilized in agriculture, viticulture, horticulture,
municipalities, on railroad tracks as well as in private gardens
and aquatic environments (Baylis, 2000). Since its introduction
in 1974 glyphosate use in the agricultural sector rose 300-fold
in 40 years (Benbrook, 2016). The active ingredient glyphosate is
taken up by the leaves affecting the shikimate pathway of plants
furthermore constraining the synthesis of the aromatic amino
acids phenylalanine, tyrosine, and tryptophan as a consequence
of which the plants die (Steinrücken and Amrhein, 1980; Franz
et al., 1997). Because glyphosates’ mode of action is suggested to
affect only enzymes present in plants and some microorganisms
(Duke et al., 2012), potential effects on animals are believed to
be small (Giesy et al., 2000). However, in recent years studies
reporting detrimental side-effects on amphibians exposed to
glyphosate-based herbicide formulations are increasing (e.g.,
Relyea, 2005; Jones et al., 2010; Williams and Semlitsch, 2010;
Berger et al., 2013; Wagner et al., 2013). Moreover, not
declared surfactants (e.g., polyethoxylated tallow amine) in these
formulations are another crucial point to consider as they might
be more toxic than the active ingredient itself (Moore et al., 2012;
Cuhra et al., 2016; Mullin et al., 2016).
Globally, 32% of amphibian species are identified as
threatened and 44% are affected by population declines mainly
called forth by climate change, environmental pollution and land
use changes (IUCN, 2004; Stuart et al., 2004). Amphibians are
considered good bio-indicators for several reasons (Chovanec
and Grillitsch, 1994): First, they live in a complex environment,
spending their juvenile stadium in water and their life after
metamorphosis in terrestrial ecosystems with an action radius of
a couple of kilometers. Second, their skin is highly permeable and
very sensitive against environmental pollutants (Quaranta et al.,
2009). Third, amphibian larvae filter water or rasp surfaces for
food (algae, dead organic matter etc.). Pollutants accumulating
on and in those substances can lead to a contamination of
tadpoles even if pollutant levels in the water are below the level of
detection.
Studies conducted with North-American or Australian
amphibian species have shown that glyphosate-based herbicides
can indeed affect their growth and mortality (Mann and Bidwell,
1999; Relyea, 2004, 2012; Fuentes et al., 2011; Moore et al.,
2012; Lanctôt et al., 2014). However, to what extent European
amphibian species are affected by herbicides has only rarely
been investigated (Brühl et al., 2013; Wagner et al., 2014;
Ujszegi et al., 2015). Another, even less investigated aspect is,
whether a climate-change induced change in temperature will
alter pesticide effects on non-target organisms (Broomhall, 2004;
IPCC, 2013). It has been suggested that climate change itself does
not affect amphibians, but rather will act in combination with
biotic and abiotic factors increasing their effects (López-Alcaide
and Macip-Ríos, 2011). Asian amphibian species have shown
temperature-dependent toxicity patterns with the pesticide
methomyl (Lau et al., 2015). However, Lötters et al. (2014)
state that a phenological shift of certain amphibian species
toward earlier reproduction due to climate change might expose
them less to glyphosate-based herbicides compared to those
which do not show a shift in reproduction time. In Europe,
the Common toad (B. bufo) is the most widespread amphibian
species, living in habitats from lowland up to mountainous
areas over 2000m above sea-level (Cabela et al., 2001; Arnold
and Ovenden, 2002). Spawning ponds used by Common toads
are often located in agriculturally used landscapes, therefore
prone to contamination by agrochemicals applied on the nearby
fields.
The current experiment focused on the aquatic phase of
Common toad development. There are several ways how
herbicide formulations can pollute aquatic environments,
including, direct overspraying of rivulets, puddles and small
ponds, water run-off through heavy rainfall and erosion of
herbicide contaminated soil by wind and water (Solomon
and Thompson, 2003; Vereecken, 2005; Sasal et al., 2015).
Although its molecular properties and high sorption capacity
binds glyphosate tightly to soil and organic particles (Hance,
1976), several reports showed that glyphosate and its degradation
products (e.g., aminomethylphosphonic acid, AMPA) are leached
out of soils (Zaller et al., 2014) and are found in groundwater,
rivers, and ponds and that concentration levels can be high
(Scribner et al., 2002; Stadlbauer and Fank, 2005; Peruzzo et al.,
2008; Battaglin et al., 2009). Furthermore, climate change is
thought to increase pesticide application in Europe (Kattwinkel
et al., 2011).
The current study was designed to examine whether (i)
different concentrations of a glyphosate-based herbicide have
different effects on the development of either eggs or tadpoles of
the Common toad and whether (ii) water temperature influences
potential herbicide effects on eggs or tadpoles. Generally, we
expected that higher herbicide concentrations will be more
harmful than lower concentrations and that tadpoles would be
more susceptible than eggs because the latter are protected with
a gelatinous substance which protects them from environmental
factors (Mutschmann, 2010). Because of a faster development
of amphibians at higher temperatures, we expected herbicide
effects to be less pronounced at higher than at lower water
temperature.
MATERIALS AND METHODS
Eggs and tadpoles of B. bufo were collected in March and April
2014 from a small pond located in the outskirts of Vienna, Austria
(48.240948 N, 16.275672 E). The pond is surrounded by a beech
forest and a meadow; to the best of our knowledge, no herbicide
application occurred in the vicinity of the pond in the last couple
of years. Bufo spawn strings were hand-collected from different
randomly selected clutches, transferred into plastic containers
filled with pond water and stored for 2 days in a climate chamber
at 10◦C. Egg and tadpole development was determined according
to Gosner (1960), who used morphological features to classify
amphibian eggs and tadpoles starting with egg fertilization
(Gosner stage, GS 1) and ending with the tail resorbtion of the
fully metamorphosed tadpole (GS 46). Spawns were sampled
with permission of the pond owner (City of Vienna, permission
Frontiers in Environmental Science | www.frontiersin.org 2 August 2016 | Volume 4 | Article 51
Baier et al. Temperature Alters Glyphosate-Based Herbicide Effects
no. MA49-808754/2014/3) and of the Vienna Environmental
Protection Agency (permission no. MA22-736519/2013).
Experimental Setup
We conducted two experiments between end of March and May
2014 in the laboratory of the Institute of Zoology, University
of Natural Resources and Life Sciences, Vienna, Austria. One
experiment started with B. bufo eggs (GS 8 “egg experiment”)
the other one started with B. bufo tadpoles (GS 22, “tadpole
experiment”; more details below). Larvae at GS 8 are egg shaped
embryos characterized by midcleavage, larvae at GS 22 are
tadpole shaped hatchlings characterized by transparent tail fins
and fin circulation. In both experiments we studied the effects
of herbicide concentration (5 levels) and water temperature (2
levels) and their interactions.
Experimental units were transparent polypropylene tubs
(length: 28 cm, width: 19 cm, height: 14 cm; type SAMLA, IKEA,
Leiden, The Netherlands) filled with 4 L of coal-filtered (EHEIM
classic 250; Deizisau, Germany) tap water. To establish the
herbicide treatment we used a liquid formulation of Roundup R©
LB Plus (Monsanto Co., St. Louis, Missouri, USA) containing
the active ingredient glyphosate (360 g L−1 glyphosate, 486
g L−1 Isopropylamine salt). The herbicide was purchased in
a garden shop in a 140ml bottle (Diwoky GmbH, Vienna,
Austria). In Austria, Roundup R© LB Plus is registered for use
in agriculture, viticulture, forestry, horticulture, municipalities,
and private gardens. Although application of this herbicide near
water bodies is prohibited, we observed that glyphosate-based
herbicides are nevertheless applied near streams for instance
to control neophytes. In our experiments we studied effects of
the commercially available formulation of the herbicide rather
than the pure active ingredient glyphosate in order to assess the
real-world situation for amphibians. In the tubs containing the
toad eggs we established five different herbicide concentrations:
(a) a control treatment containing no herbicide (0.0mg a.e.,
acid equivalent L−1), (b) three herbicide treatments where the
herbicide was added once, at the beginning of the experiment at
0.5mg a.e. L−1, 1.0mg a.e. L−1, or 1.5mg a.e. L−1 and c) a pulse
treatment with additions of 0.5 a.e.mg L−1 on day 0, 3, and 4
after the start when studying egg development (total 1.5mg a.e.
L−1) or 0.5mg a.e. L−1 pulses on day 0, 4, 8, 12, 17 when studying
tadpoles (total 2.5mg a.e. L−1). These glyphosate concentrations
in water are within the range of concentrations used in other
studies (Relyea, 2005; Bernal et al., 2009; Relyea and Jones, 2009;
Jones et al., 2010) and are reported in studies about pesticide
pollution in water bodies within agricultural landscapes (Wagner
et al., 2013, 2014).
Temperature treatments were established in two climate
chambers (Vötsch Type VPL 400, Weiss Umwelttechnik
GesmbH, Vienna, Austria), one maintained at 15◦C the other
one at 20◦C. Under each temperature treatment 5 replicates of
the 5 herbicide treatments were established making in total 25
tubs per temperature treatment. The air temperature within the
climate chambers was monitored with two data loggers (tiny
tag, Gemini Data Loggers, West Sussex, United Kingdom). To
monitor water quality in the tubs we measured the dissolved
oxygen and temperature at least every third day with an oximeter
(WTW, type Oxi 90, Weilheim, Germany). Additionally, we
measured the pH-value with a pH-Meter (WTW, type pH-95,
Weilheim, Germany).
At the start of each experiment 5 randomly chosen eggs
or tadpoles were added into each experimental tub resulting
in a total of 250 individuals per experiment (5 individuals ×
5 replicates × 5 herbicide concentrations × 2 temperatures).
Tadpoles were fed with fish food ad libitum (TetraMin, Tetra
GmbH, Melle, Germany). The experiments were conducted
with a permission for animal testing from the Austrian
Federal Ministry of Science, Research and Economy (BMWFW;
permission no. BMWFW-66.016/0011-II/3b/2013). In the case
tadpoles would get harmed, injured or obviously poisoned an
euthanization with MS-222 (Tricaine mesylate; Sandoz, Basel,
Switzerland) was foreseen.
Measurements
The experiment on egg development started with eggs at GS 8
(Gosner, 1960) and lasted 22 days.We took images of the tadpoles
22 days after the start of the experiment using a digital single
lens reflex camera (Nikon D200 with an Nikon DX objective—
APS Nikkor 18–70mm; Nikon, Tokyo, Japan) in order to non-
destructively assess morphological changes in size and shape.
The experiment on tadpole development started with new
randomly selected tadpoles (GS 21–24) from the same pond
where the eggs were collected. Tadpoles were stored in the climate
chamber (10◦C) for 2 days in a plastic container filled with pond
water. Then 5 tadpoles were randomly selected and distributed
among the experimental units that were filled with 4 L coal-
filtered tap water (same type of tubs as used in egg experiment).
The tadpole experiment ran for 24 days. Treatment effects on
tadpole morphology were assessed on images taken by a digital
camera at day 24 (for 20◦C tadpoles) and day 42 (for 15◦C
tadpoles).
Egg development was on average assessed every third day
and tadpole development every sixth day according to Gosner
(1960). Therefore, all tadpoles were collected from each tub,
transferred into a petri dish with deionized water and examined
under a binocular at 6x magnification (NIKON, type SMZ 645,
Leuven, Belgium). To assess tadpole development we took photos
of all tadpoles at the end of each experiment. Tadpoles were
put in a petri dish (diameter 10 cm) with deionized water and
photographs of each tadpole were taken using a digital reflex
camera (Nikon D200 with an Nikon DX objective—APS Nikkor
18–70mm; Nikon, Tokyo, Japan) mounted on a tripod. On these
images total length (body + tail length), tail length, body length,
and body width were measured on all surviving individuals per
experimental unit using the open source image analysis software
ImageJ (version 1.48v, National Institute of Health, USA).
Statistical Analyses
All data were tested for homogeneity of variance and normal
distribution with the Kolmogorov-Smirnov and the Levene
test, respectively. Effects of the herbicide and the temperature
treatments and treatment interactions on tadpole morphology,
development, and mortality as well as on water pH and
water oxygen were tested with two-way analyses of variance
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(ANOVAs). Tukey tests were used for multiple comparisons
between the different concentrations within each temperature
treatment. Statistical results at P < 0.05 were considered
significant. All statistical tests were performed using the software
SPSS (Version 20, IBM©, Armonk, New York, U.S.).
RESULTS
Egg Growth and Development
Herbicide concentration significantly affected body length, tail
length, and total length (Table 1, Figure 1). No significant
effects of herbicide concentration on body width, mortality,
or development were found (Table 1, Figure 1). Temperature
significantly affected all growth parameters, development and
mortality of eggs (Table 1, Figure 1). On average, body length,
body width, tail length and total length of tadpoles at 20◦C
was increased by 63, 57, 86, and 76% compared to 15◦C.
Temperature accelerated the development, 22 days after the first
herbicide application, the development stage at 20◦C was GS
36 while tadpoles at 15◦C had only reached GS 28; herbicide
concentrations had no significant effect on egg development
(Table 1, Figure 3A). Significant herbicide × temperature
interactions for body length, body width, tail length and total
length resulted in an increased body length of herbicide treated
tadpoles by 26%, body width by 19%, tail length by 35%, and total
length by 31% at 15◦C compared to the no-herbicide control.
In contrast, at 20◦C body length, tail length, and total length
of herbicide treated tadpoles increased by about 3% and body
width was decreased by 2% compared to no-herbicide control.
In total, 12.4% (31 out of 250 individuals) of the eggs/tadpoles
died or had to be euthanized during the course of the experiment.
Mortality was significantly affected by temperature but not by
herbicide concentrations or temperature-herbicide, with a total
of 18.4% (23 ind.) dead eggs/tadpoles at 15◦C compared to 6.4%
(8 ind.) dead eggs/tadpoles at 20◦C averaged across all herbicide
concentrations (Table 1, Figure 4). Water pH was significantly
influenced by herbicide concentration and temperature. Across
herbicide concentrations pH values measured were 8.31 ± 0.02
vs. 8.14 ± 0.07 at 15 vs. 20◦C, respectively; water oxygen at
15◦C was 10.07 ± 0.11mg L−1, vs. 8.85 ± 0.68mg L−1 at 20◦C,
respectively (Tables 1, 2). No significant influence of herbicide
concentration on water oxygen and herbicide by temperature
interaction on water oxygen and pH were found (Tables 1, 2).
Tadpole Growth and Development
Herbicide concentrations had no effect on tadpole growth,
development or mortality (Table 3, Figures 2, 3). However,
temperature highly significantly affected tadpole growth and
development but not mortality (Table 3, Figure 2). Body length,
body width, tail length, and total length of tadpoles at 20◦C
was on average increased by 12, 8, 22, and 18%, respectively,
compared to 15◦C. Only for tadpole development a significant
interaction of herbicide concentration and temperature was
found: larvae at 15◦C reached on average GS 31, whereas at
20◦C an averaged GS 39 was reached 24 days after the first
herbicide application (Table 3, Figure 3B). In total, 14% (35
out of 250) of the tadpoles died or had to be euthanized
during this experiment, however neither herbicide concentration
nor temperature affected tadpole mortality (Table 3, Figure 4).
During the tadpole experiment, water pH was significantly
influenced by herbicide concentration and temperature, whereas
water oxygen was significantly influenced by temperature only
(Tables 2, 3). Across herbicide concentrations, water pH was
8.57 ± 0.08 vs. 8.41 ± 0.16 at 15 vs. 20◦C, water oxygen
was 12.21 ± 0.64mg L−1 vs. 10.67 ± 1.26mg L−1 at 15
vs. 20◦C, respectively. No significant interaction of herbicide
concentration and temperature on water oxygen and pH was
observed (Table 3).
DISCUSSION
To the best of our knowledge, this study shows for the first
time that the globally most widely used herbicide Roundup R©
affects the growth and development of aquatic stages of Common
toads. We expected that egg growth and development would
be less sensitive to herbicide concentrations than tadpoles
due to the protective jelly coating of the eggs. Indeed, other
studies showed that jelly coatings protected embryos of North
American amphibian species against endosulfan or tebufenozide
pesticides (Berrill et al., 1998; Pauli et al., 1999). A decreased
hatching success was also observed for eggs of a European
frog species (Rana arvalis) that were exposed to the insecticide
α-cypermethrin (Greulich and Pflugmacher, 2003); however,
no comparison to tadpole development was made in that
study. In contrast, in our experiment eggs were actually more
sensitive to herbicide concentrations than tadpoles. Since no
other study looked into effects of glyphosate-based herbicides on
Common toad eggs it remains to be investigated if toad eggs
are either especially sensitive or if glyphosate-based herbicides
are especially harmful to egg stages of amphibians. Overall,
a potential contamination by glyphosate-based herbicides of
toad spawning ponds located in agriculturally used landscapes
can be expected both for egg and tadpole stages as timing of
pesticide application has been shown to match the life cycle of
amphibians (Berger et al., 2013; Brühl et al., 2013). Clearly, more
studies including more amphibian species are needed to estimate
whether this effect is species-specific or applicable more widely.
Our experiment showed a significant increase in body length,
tail length, and total length at 15◦C after herbicide application
which we interpret as a consequence of a further nutrient
addition by the herbicide. In contrast to our results, Lanctôt
et al. (2014) found that snout to vent length of tadpoles
decreased by 11.3 and 5.8% when exposed to two different
glyphosate-based herbicide formulations, either two pulses of
0.21mg a.e. L−1 Roundup WeatherMax R© or 2.89mg a.e. L−1
Vision R©, respectively. However, comparisons with our results
have to be made with caution as (i) different glyphosate-based
herbicide formulations were used containing different adjuvants
with potentially ecotoxicological side-effects (Mullin et al., 2016),
(ii) different amphibian species (Rana sylvaticus) at a different
temperature (21.4◦C) have been investigated, and (iii) even the
active ingredient glyphosate is not a single chemical, but rather
a family of compounds with different chemical, physical, and
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TABLE 1 | Egg experiment–Results of a 2-way ANOVA on the effect of a herbicide treatment (5 levels) and a temperature treatment (2 levels) on growth
and mortality of the Common toad as well as on water oxygen and pH.
Variable Herbicide conc. Temperature Herb. × Temp.
F P F P F P
Body length (mm) 6.708 <0.001 866.877 <0.001 2.883 0.035
Body width (mm) 1.659 0.179 416.159 <0.001 2.769 0.040
Tail length (mm) 5.971 <0.001 955.315 <0.001 3.522 0.015
Total length (mm) 6.724 <0.001 1000.230 <0.001 3.466 0.016
Development (Gosner stage) 0.003 1.000 71.525 <0.001 0.016 0.999
Mortality (%) 0.171 0.952 6.429 0.015 1.714 0.166
Water oxygen (mg L−1) 2.137 0.094 85.706 <0.001 1.025 0.406
Water pH 2.617 0.049 138.616 <0.001 0.650 0.630
Measurements were taken 21 days after the start of the experiment. Significant effects in bold.
FIGURE 1 | Egg experiment-Average tadpole total length (A), body length (B), tail length (C), and body width (D) in response to five herbicide
concentrations (0.0, 0.5, 1.0, 1.5 a.e.mg L−1 and a 1.5p a.e.mg L−1 pulse treatment) at two temperatures (15 vs. 20◦C) at the end of the experiment.
Means ± SD; n = 5. Different letters indicate significant differences between means (Tukey’s HSD, p < 0.05).
toxicological properties making comparisons between different
glyphosate-based formulations even more tricky (Cuhra et al.,
2016).
Another hypothesis of our study was that higher herbicide
concentrations would show more pronounced growth effects
than lower concentrations. Based on the egg and tadpole
experiment we can reject this hypothesis as no correlation
between herbicide concentration and the strength of the effect
on growth, development, or mortality was observed. Reportedly,
glyphosate has a half-life of 7–14 days in water (Franz et al.,
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TABLE 2 | Water oxygen and pH in the egg and tadpole experiment investigating the effects of herbicide concentrations and temperature on Common
toad growth and development.
Parameters Water oxygen (mg L−1) Water pH
15◦C 20◦C 15◦C 20◦C
HERBICIDE CONC. (mg a.e. L−1)
Eggs 0 9.98 ± 0.12ac 8.31 ± 0.09b 8.30 ± 0.01a 8.09 ± 0.03b
0.5 10.05 ± 0.05ac 8.81 ± 0.57b 8.31 ± 0.01a 8.13 ± 0.07b
1 10.09 ± 0.12ac 9.21 ± 0.57ab 8.31 ± 0.02a 8.18 ± 0.05b
1.5 10.03 ± 0.11ac 8.76 ± 0.46b 8.31 ± 0.02a 8.14 ± 0.06b
1.5p 10.19 ± 0.08a 9.15 ± 1.12bc 8.34 ± 0.02b? 8.18 ± 0.11b
Tadpoles 0 11.60 ± 0.42ab 9.66 ± 1.31b 8.47 ± 0.06ab 8.24 ± 0.16b
0.5 12.38 ± 0.92a 10.37 ± 0.71b 8.61 ± 0.10a 8.40 ± 0.10bc
1 12.24 ± 0.42a 11.14 ± 1.80ab 8.59 ± 0.08ac 8.47 ± 0.19ab
1.5 12.06 ± 0.30a 11.27 ± 0.93ab 8.55 ± 0.03ac 8.47 ± 0.09ab
2.5p 12.76 ± 0.49a 10.90 ± 1.02ab 8.61 ± 0.06a 8.45 ± 0.14ab
Different letters after values indicate significant differences within herbicide concentrations (Tukey-Tests, p < 0.05). Means ± SD, n = 5.
TABLE 3 | Tadpole experiment–Results of a 2-way ANOVA on the effect of a herbicide treatment (5 levels) and a temperature treatment (2 levels) on
growth and mortality of the Common toad as well as on water oxygen and pH.
Variable Herbicide conc. Temperature Herb. × Temp.
F P F P F P
Body length (mm) 0.453 0.770 28.875 <0.001 1.200 0.326
Body width (mm) 0.424 0.790 7.293 0.010 1.134 0.355
Tail length (mm) 0.337 0.851 72.507 <0.001 0.216 0.928
Total length (mm) 0.370 0.828 57.184 <0.001 0.505 0.732
Development (Gosner stage) 2.198 0.088 2295.484 <0.001 5.789 <0.001
Mortality (%) 0.681 0.609 0.000 1.000 1.232 0.313
Water oxygen (mg L−1) 2.592 0.051 33.350 <0.001 0.864 0.494
Water pH 4.750 0.003 25.794 <0.001 0.778 0.546
Measurements were taken when tadpoles reached Gosner stage 36–39. Significant effects in bold.
1997; Giesy et al., 2000). Hence, our finding suggests that
even low concentrations affected the growth of toad eggs and
tadpoles and that the higher concentrated active ingredient
might had already disappeared when the growth measurements
were conducted. Again, not-declared adjuvants of glyphosate-
based herbicide formulations with a higher toxicity than the
glyphosate active ingredient itself (Perkins et al., 2000; Edginton
et al., 2004; Howe et al., 2004; Peixoto, 2005; Wagner et al.,
2013) or their properties as as endocrine disruptors (Gasnier
et al., 2009; Defarge et al., 2016) might have contributed to the
observed effects. Observed growth stimulations of toad larvae at
low herbicide concentrations could perhaps be due to endocrine
disruptors as they generally lack a dose-effect relationship
(Vandenberg et al., 2012; Vandenberg, 2014). However, the design
of our study precludes a substantiation of this explanation. In any
case our findings suggest that agrochemical risk assessments that
take into account only pesticide active ingredients without their
adjuvants commonly used in their comercial formulations will
likely miss important toxicological effects (Mullin et al., 2016).
Water temperature showed a consistent strong stimulating
effect for both egg and tadpole growth and development. This was
expected and has been shown by other studies (Dmitrieva, 2014;
Egea-Serrano and Van Buskirk, 2016). Moreover, also mortality
was significantly affected by temperature in the egg experiment,
where 21% of herbicide treated larvae died at 15◦C but only 3% at
20◦C. Relyea (2005) determined the lethal concentration where
50% of the population (LC50) of wood frogs (Rana sylvaticus)
died to be at 1.32mg active ingredient (a.i.) L−1 but the LC50
value of the American toad (Bufo americanus) at 2.52mg a.i.
L−1. We assume that the Common toad would react in a similar
way, however, it is difficult to compare these studies as different
herbicide formulations and different concentrations were used.
To the best of our knowledge, our study is also the first one
investigating combined effects of herbicides and temperature on
growth and development of a European amphibian species. We
found interactive effects of herbicide and temperature on the
growth of toad eggs with herbicide effects only seen at 15◦C but
not at 20◦C. This indicates on one hand that toad egg growth
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FIGURE 2 | Tadpole experiment–Average tadpole length (A), body length (B), tail length (C), and body width (D) in response to five herbicide
concentrations (0.0, 0.5, 1.0, 1.5 a.e.mg L−1 and a 2.5p a.e.mg L−1 pulse treatment) at two temperatures (15 vs. 20◦C) at the end of the experiment.
Means ± SD, n = 5. Different letters indicate significant differences between means (Tukey’s HSD, p < 0.05).
FIGURE 3 | Average development stage according to Gosner (1960) of eggs (A) and tadpoles (B) of the Common toad in response to five herbicide
concentrations (0.0, 0.5, 1.0, 1.5 a.e.mg L−1 and a 1.5p/2.5p a.e.mg L−1 pulse treatment) at two temperatures (15 vs. 20◦C) at the end of the
experiments; n = 5.
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FIGURE 4 | Average mortality (% of total) of eggs (A) and tadpoles (B) of the Common toad in response to five herbicide concentrations (0.0, 0.5, 1.0,
1.5 a.e.mg L−1 and a 1.5p/2.5p a.e.mg L−1 pulse treatment) at two temperatures (15 vs. 20◦C) at the end of the experiment; n = 5.
benefited from higher temperatures making them less prone to
herbicide concentrations at higher temperature. On the other
hand, the tadpole experiment showed that interactive effects of
herbicide concentration and temperature were only observed for
tadpole development but not for their growth. Tadpole growth
also benefited from higher temperatures and was generally less
sensitive to herbicide concentration. However, regarding tadpole
development the herbicide x temperature interaction indicated a
reduced development at 15◦C when herbicides were used but no
change in development at 20◦C.
The current study investigated effects of herbicide
concentrations and temperature on Common toad growth
and development in a controlled environment. Therefore, an
inference of these data to the field situation should be made
with caution, as the circumstances in the field are much more
complex. For example, predators present in natural sites can
trigger morphological changes in amphibian larvae and even
enhance these changes in combination with herbicide exposure
(Jones et al., 2010). Two other studies found glyphosate-based
herbicide formulations (Roundup R© and Roundup Original
MAX R©) being more deadly to larvae of wood frogs (Rana
sylvatica) and bullfrogs (Rana catesbeiana) under a higher stress
level (Relyea, 2005; Jones et al., 2011). Although mortality was
not influenced by herbicides in our study, it appears that eggs
were more stressed under lower temperatures and therefore
more susceptible to herbicide concentrations. However, it
also has to be noted that most studies, including ours, are
rather short term studies and often do not take into account
effects of multiple application of various pesticides, which
can be even more deleterious to amphibian larvae (Relyea,
2009).
An important implication of our study is that water
temperature can alter potential non-target effects of herbicides
on amphibian species. This is remarkable as ecotoxicologial risk
assessment studies are often conducted at a standard temperature
of 20◦C which was the temperature showing fewer effects than
lower, perhaps more realistic, temperatures.
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